Abstract-To enhance the robustness and disturbance rejection ability of an on-line uninterruptible power supply (UPS) system, an internal model control-based dc-link voltage regulation method is proposed in this paper. Furthermore, the multimode operations of the on-line UPS system are investigated and their corresponding control strategies are proposed. The proposed control strategies are capable of achieving the seamless transition in traditional normal mode, photovoltaic-aided normal mode, enhanced eco-mode (EEM), and burn-in test mode (BTM). Meanwhile, the uninterruptible load voltage is promised during the mode transition. The small-signal analysis is also conducted to investigate the stability of EEM and BTM. Finally, extensive experimental results are provided to validate the effectiveness of the proposed methods. 
W
ITH the increasing infrastructure of data center, communication network, and IT servers, uninterruptible power supply (UPS) systems have been widely equipped in recent years [1] , [2] . According to the IEC Standard 2168-6777 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. 62040-3 [3] , the UPS systems are categorized as on-line, off-line, and line-interactive UPSs in the normal mode of operation. The on-line UPS system is commonly installed as it isolates the load from the grid that may suffer from frequency variation and voltage irregularity. An on-line UPS system usually consists of a rectifier, one or more inverters, a battery bank with its associated dc/dc converter, transient voltage surge suppressor (TVSS), and a static bypass switch [4] . A multiinverter configuration of the on-line UPS is employed for applications where a higher reliability and more redundancy are required (see Fig. 1 ) [5] .
In the traditional normal mode (TNM) operation of an online UPS system, the load power is provided by the combination of ac/dc rectifier and dc/ac inverter. Recently, several studies have been conducted by integrating fuel cell or multiple energy sources into the UPS system [6] - [9] , which claims to improve the performance under both normal mode and backup mode of operation. Among these studies, Zhang et al. [9] proposed a seamless transfer control strategy for the fuel cell-based UPS system. Shi et al. [6] , Dezhi et al. [7] , and Zhou et al. [8] proposed a super UPS topology, where the fuel cell, photovoltaic (PV) generation, and gas engine are all integrated into the UPS system. However, incorporating all these energy units into the UPS system inevitably increases the client's economic burden and furthermore, energy management of such a system is quite complicated and challenging. In addition, considering the slow dynamics of the fuel cell and high cost of gas pipeline construction, only integrating the PV unit into the UPS system may be a promising solution, as the implementation of PV energy helps to reduce the cost of the electricity from the grid and it is an eco-friendly generation system. Therefore, the PV-aided normal mode (PNM) of online UPS system can improve the overall system performance considering economic and environmental benefits.
However, if the PV system is unavailable, i.e., during the night, the operation of the on-line UPS system has to return to the TNM. To save more energy, the eco-mode operation in the UPS system has recently been proposed by several UPS manufacturers [10] , [11] . The eco-mode is similar to the normal operation in the off-line UPS system, where the load is directly fed from the grid through the bypass switch, and the inverters operates in "standby" mode as shown in Fig. 2 . Notice that the protection device (TVSS) is located between the bypass switch and the grid. Hence, during the eco-mode operation, the surge voltage and current have no effect on the local load. This mode shows the benefits that the efficiency of the power delivery is typically between 98% to 99%, compared to 93%-96% of TNM operation [10] . Nonetheless, usually, UPS system provides both active and reactive power to the load. If the UPS is operated in this eco-mode, the utility typically charges extra fees for delivering the reactive power to the load. Therefore, active eco-mode (AEM) or improved eco-mode concept is proposed by the UPS manufacturers [10] , [11] , which shows that the active power of the load is directly provided by the grid while its reactive power is supplied by the inverter of the UPS system. For example, in [12] , an AEM through the current control of inverter is proposed. Since the voltage control strategy is implemented for TNM, the load voltage may suffer from significant fluctuations during control strategy switch, and the smooth transition is greatly affected between TNM and AEM. Therefore, an enhanced eco-mode (EEM) control strategy is investigated in this paper. The proposed EEM operation guarantees the inverters are always controlled in voltage control mode (VCM) both in the TNM and the EEM operation. In this way, the seamless transition between TNM and EEM is promised, and, therefore, the output voltage is not affected during the transition.
In addition, a new UPS system needs to do the burn-in test for the quality certification. Traditionally, in the burnin test mode (BTM), the output of the UPS system is connected to a resistor bank. This causes an increased energy consumption and, therefore, an additional cost for the final product. Therefore, the energy-saving methods are considered to be important for both UPS manufacturers and the utility. Until now, some energy-saving methods in the BTM have been proposed in [13] - [15] . Chen et al. [14] proposed a BTM method by placing an inductor and a transformer between the output of the UPS system and the grid. However, the bulky and heavy transformer is quite inconvenient for the burn-in test. To overcome this drawback, current controlled inverter [13] and open-loop voltage controlled inverters [15] have been suggested to replace the passive equipment. However, these control strategies are either too complicated or trigger the harmonics propagation. Moreover, VCM is usually adopted in the TNM, the same control mode (VCM) is thus desirable to achieve the BTM. Consequently, by applying the same control mode in both the TNM and the BTM, the seamless transition could be realized and the cost for the wasted energy could be saved.
Finally, from the discussion as mentioned above, it is noticed that all these operation modes (TNM, PNM, EEM, BTM) involve the dc-link voltage control. The robust and efficient control of the dc-link voltage is highly important, as this link plays a key role in the energy transfer from the utility to the dc-link and further delivering to the critical load. If the dc-link voltage is not controlled appropriately, the disturbance caused by connecting/disconnecting load may trigger the dc-link voltage protection and affect the stable operation of the UPS system. In the on-line UPS system, the dc-link voltage is regulated by the ac/dc converter, where a dual-loop control structure is implemented [16] . The proportional-integral (PI) controller is implemented for the outer loop control to maintain a constant dc-link voltage. Meanwhile, the synchronous reference frame PI controllers or the stationary reference frame proportional-resonant (PR) regulators are adopted for the inner loop current tracking [17] . In order to enhance the dc-link voltage dynamics in the presence of disturbances, a feedforward control is added in the voltage control loop by measuring the external power [18] . This method, however, requires additional sensors, which may not be desirable from the reliability and cost points of view [19] - [21] . This is particularly true for the UPS systems where the "plug and play" function needs to be realized by expanding more UPS modules according to the client's requirement [22] , [23] . Therefore, a dc-link voltage control with sensor-less control strategy needs to be investigated.
Recently, several observer-based methods have been proposed to improve the dynamics of the dc-link voltage with a sensor-less control strategy [24] - [26] . In [25] and [26] , nonlinear disturbance observer-based control strategies are implemented for dc-link voltage control. However, these methods are highly nonlinear and, therefore, difficult to analyze and design. In [24] , an enhanced state observer-based dc-link voltage control is suggested and offers robust performance and high disturbance rejection ability. However, this method highly depends on the observer's bandwidth. In addition, notice that all the aforementioned methods are designed in time-domain, the frequency domain design methods, which are more familiar to the engineers, have not been investigated. The internal model control (IMC) method, designed in the frequency domain, has shown good reference tracking, disturbance rejection, and robustness against the parameter variation. This method has been successfully applied in motor control, PV system, and dc/dc converters [27] - [29] , but to the best of the author's knowledge, has not been applied in the dc-link voltage control. So, in this paper, the IMC-based control strategy will be investigated for the dc-link voltage regulation.
In this paper, first, the standard IMC-based control strategy is derived for the sensor-less regulation of the dc-link voltage of the on-line UPS system. Then, a two-port IMC method is proposed for the dc-link voltage control, which results in an enhanced tracking and disturbance rejection ability. In addition, the multimode operation for the on-line UPS system is investigated and their corresponding control strategies are proposed. Based on the proposed control strategies for multimode operation, the on-line UPS system can easily shift its operation modes by changing the desired active and reactive power reference according to the requirement. The seamless transition among different operation modes is also realized and the uninterruptible load voltage is promised during the mode transition. Furthermore, the small-signal analysis is conducted to investigate the stability of enhanced-eco mode and BTM. Finally, extensive experimental results are provided to validate the effectiveness of the proposed methods.
The rest of this paper is arranged as follows. Section II describes the proposed IMC-based dc-link voltage control strategy for the on-line UPS system. Section III explained the control strategies of multimode operation in the on-line UPS system, the small-signal analysis is also given in this section. The extensive experimental results are provided to show the effectiveness of the proposed methods in Section IV. Finally, conclusions are given in Section V. Fig. 3 shows the system diagram of the on-line UPS system in this paper, where it consists of the PV panel, the battery, a rectifier, several inverters, the TVSS, and dc/dc converters. In this diagram, the boost-type and bidirectional dc/dc converters are responsible for the PV and the battery's power delivery, respectively. A three-phase pulse width modulation full-bridge converter with an L-type filter is used for the power supply Schematic of the ac/dc converter with the proposed two-port IMC-based dc-link voltage control in PV-aided UPS system. from the grid to the dc link. The paralleled inverters achieve the plug "n" play control with the VCM and power the load up. In addition, bypass switch is closed when the UPS system shifts its operating mode from the TNM to the EEM or the BTM while TVSS promises the surge voltage and current do not affect the UPS stable operation during these modes.
II. IMC-BASED DC-LINK VOLTAGE CONTROL STRATEGY
The schematic of the ac/dc converter with its associated control strategy for the on-line UPS system is shown in Fig. 4 . The control diagram consists of cascaded control loops: the outer dc-link voltage control loop, which is designed in this section, and inner current control loop. Note that the general load in Fig. 4 represents the PV, battery, and the inverter units. As is shown in Fig. 4 , the ac/dc converter is responsible for regulating the dc-link voltage. Therefore, a robust control strategy of dc-link voltage is quite important for the stable operation of UPS system. In the following parts of this section, the proposed two-port IMC-based dc-link controller will be illustrated.
A. DC-Link Modeling
In the on-line UPS system, the dc-link voltage, which is regulated by the ac/dc rectifier, keeps constant by balancing the injected and the output active power of the dc link. Therefore, the power balance across the dc link (see Fig. 4 ) is expressed as
where V DC is the dc-link voltage, and C is the dc-link capacitance. The injected active power P DC , which is equal to the rectifier ac-side terminal power P t , is expressed as: P DC = V DC I DC . P ext is the external power that flows out of the dc-link capacitor. R p represents the total switching loss in the converter circuit. If the instantaneous power of ac-side filter is not considered, the ac-side terminal power P t is equal to the ac-side power P s . A dc-link voltage model is thus derived and is independent of the operating point
where V 2 DC and P s are the output and control input, respectively. Notice that P ext acts like a disturbance here. Taking the Laplace transform of both sides of (2) results in
B. Two Degree of Freedom (2-DOF) IMC-Based DC-Link Voltage Controller Design
From the discussion of Section A, it is found that the dc link may suffer from external disturbance, such as: dc-link current change caused by the connection/disconnection of the load, and internal disturbance, such as system parameter variation. However, the traditional method such as PI control, may not deal with this disturbance effectively. As the two degree of freedom (2-DOF) IMC-based controller can achieve good performance in the external disturbance rejection and internal system parameter variation without measuring dc-link external power P ext , this control strategy will be applied in the dc link voltage regulation. When the 2-DOF IMC-based strategy is applied to the dc-link voltage controller, the control diagram is shown in Fig. 6 . The control structure includes an inner current loop for controlling the rectifier output current and an outer voltage loop for regulating the dc-link voltage. To avoid a dynamic interaction between the inner and the outer loops, the bandwidth of the former one is often considered to be much larger than that of the latter one. It implies that, during the dc-link controller design, the dynamics of the current regulation loop can be neglected and assume that P s ∼ = P s_ref , where P s_ref and P s are the reference and output active powers, respectively (see Fig. 6 ).
From Fig. 6 , the closed-loop transfer function for the dc-link voltage is expressed as (4) where V DC_ref is the dc-link reference voltage, V DC is the regulated dc-link voltage, and P ext is the external active power and considered as the disturbance. 
The purpose of the IMC-based control strategy, by designing the controller C 1 (s) and F r (s), is achieving a robust tracking and high disturbance rejection ability in the presence of a considerable the uncertainty in the model. According to [27] , [30] , and [31] , the set-point tracking controller C 1 (s) is designed as
m (s) and thus, promises the robust and fast tracking ability. Note that λ 1 is the tuning parameter of C 1 (s). Meanwhile, the disturbance rejection controller F r (s) is designed as F r = 1/(λ 2 s + 1). Note as well that λ 2 is the tuning parameter of F r (s) .
If the reference model is equal with actual plant, i.e., (4) and (5), the closed-loop transfer function for the dc-link voltage is expressed as
As the dc-link voltage is controlled at the frequency s = j ω = 0, by substituting s = 0 into (6), we have the expression
Equation (7) shows that at the steady state, the 2-DOF IMC control strategy is able to track the reference with zero-steady state error. In addition, the error of the feedback signal E(s) is expressed as
When there is the difference between the plant G P (s) and the reference model G m (s), E(s) provides the information of the disturbance and the plant mismatch. The robustness can be obtained by compensating for the deviation appropriately.
In this paper, the actual plant is expressed as:
) and the reference model is expressed as: G m = (2/Cs), as the R p is considered as the uncertainty in the system.
The parameter λ 1 of C 1 (s) mainly decides the dc-link voltage closed-loop bandwidth. In our system, the dc-link closedloop bandwidth is chosen to be 20 rad/s, hence, λ 1 = 1/20. In addition, the parameter λ 2 of F r (s) is usually chosen to be much smaller than λ 1 to make sure disturbance rejection controller's bandwidth is large enough to detect/reject disturbance. but too large bandwidth may interact with current controller's bandwidth, and, as a result may cause stability issue due to the coupling. Moreover, too large bandwidth may bring the noise as well, considering the above requirement, λ 2 = 1/200 [31] - [34] .
C. Stability Analysis
In this section, the small gain theorem is applied to ensure the stability of the system uncertainty. The necessary and sufficient condition for the stable system is expressed as 
So, when s = 0, F r (0) = 1. By substituting it into (9), the following equation can be obtained:
By substituting (11) and making some arrangement, the stability requirement can be obtained
From (12), it is seen that system is stable under the condition that uncertainty value is no more than two times the plant.
D. Two-Port IMC-Based DC-Link Voltage Controller Design
In order to enhance the tracking and disturbance rejection ability, a feedback control block C 2 (s) is added in the 2-DOF IMC-based dc-link voltage control diagram by using the two-port IMC structure [34] , [35] , as shown in Fig. 7 .
where P ref_max is the maximum active power reference. The controller of C 2 (s) is designed as a proportional term, which is expressed as
To simplify the analysis of the two-port IMC-based dc-link control strategy, the saturation block is neglected by assuming: From Fig. 7 , the closed-loop expression for V 2 DC is expressed as
If the internal mode is accurate, i.e., G P (s) = G m (s), from (15), the closed-loop transfer function for the dc-link voltage is expressed as
By comparing (16) with (6), it is observed that the parameter k p of controller C 2 (s) can be tuned properly to reduce the recovery time in the presence of the load disturbance, i.e.,
It should be noted the parameter selection of C 2 (s) should keep the poles of closed-loop transfer function in (15) are all located in the left half plane. In addition, the system stability is not affected by the saturation block, according to [36] , if the controller is a proper transfer function with minimum phase, the stability will not be affected by the saturation block. In our system, the controller C 1 (s) satisfies [34] , [37] .
E. Inner Loop Current Controller Design
In this ac/dc converter, the PR controller is adopted for the inner loop current control, which is expressed as
where k pc and k rc are the proportional and resonant gains of the current controller, ω 1 is the grid fundamental angular frequency. For the parameter selection, two useful (18) and (20) can quickly help select the appropriate parameter [38] , the proportional gain parameter is calculated as
where α c is the desired current controller closed-loop bandwidth. L is the inductance value of the ac/dc converter. α c should be selected to be where ω s is the angular sampling frequency, which is expressed as: ω s = (2π/T s ) = 2π f s , f s is the sampling frequency of the system. Finally, according to the system parameter listed in Table I , k pc = 7. The selection of resonant gain k rc can be calculated by the suggested formula
where α 1 α c , in addition, according to the suggestion in [38] α 1 < ω 1 . In the system, α 1 is selected as α 1 = 30, so, k rc = 2 * 30 * 7 = 420.
III. CONTROL STRATEGIES FOR MULTIMODE OPERATION IN THE ON-LINE UPS SYSTEM
As previously stated in Section I, when the grid is normal, the operation mode is categorized as TNM, PNM, EEM, and BTM (see Fig. 8 ). On the other hand, these modes need to switch to the back-up mode when a grid fault occurs. Since this paper mainly focuses on the control strategies and their seamless transition between different operating modes when the grid is normal, the discussion about the transition between the grid normal operating modes and the back-up mode is out of the scope of this paper. In the following parts of this section, the details of the control strategy for these modes will be discussed.
A. PV-Aided Normal Mode of Operation
In the TNM operation of the on-line UPS system, the load power is provided by the grid though the ac/dc rectifier and the dc/ac inverters. When the small rating PV system is integrated into the on-line UPS system, the load active power is supplied by the combination of the PV system and the grid, as shown in Fig. 9 . Note that the battery has been fully charged and operated in standby mode, which means the battery does not involve the power supply to the load in the normal mode. The PV panel should always be working in maximum power point tracking (MPPT) mode to save the electricity from the grid. Fig. 10 shows the control strategy of the UPS system in the PNM operation. The droop control strategy is implemented for the parallel-connected the inverter modules. Due to the short distance from the inverter to the load in the UPS system, the line impedance is considerably small. And a virtual resistance R v is embedded in the control diagram to increase the system stability. As the output impedance shows a resistive nature by adding the virtual resistance, Q ∼ ω and P ∼ E droop control strategy is implemented in the control loop [39] and expressed as
1) Control Strategy for DC/AC Inverter in On-Line UPS System:
where ω * and ω are the inverter nominal and reference frequency. E * and E are the inverter nominal and reference voltage magnitude. D p and D q are the droop coefficients for the controlling the output active power P LPF and reactive power Q LPF through a low-pass filter, respectively. The calculated active power P LPF and reactive power Q LPF are expressed as
where τ is the time constant of the low-pass filter. V cα and V cβ are the output voltage through Clarke transformation. I oα and I oβ are the output current through Clarke transformation. In addition, in order to achieve excellent reference tracking in the output voltage and limit the inductor's current during the transients as a protection feature, a dual-loop strategy with outer voltage proportional resonant (P + R) control and inner current proportional resonant (P + R) control strategy is adopted in this paper. These two controller are expressed as
where k pv and k pi are the proportional terms, k rV and k ri are the resonant term coefficient at ω. k vh is the resonant coefficient term for the hth harmonics (h = 5th, 7th ). The inner current loop is designed to provide a sufficient damping and protect the inductor's current from an overcurrent. Finally, it should be noted that if the nonlinear load is connected as the sensitive loads, the harmonic compensator should be added in the voltage controller of dc/ac converter to enhance the harmonic rejection ability of the output voltage [23] . Note that the control strategy for the rectifier is shown in Fig. 4 and is not reiterated in this section.
2) PV System and the Control Diagram:
The PV panel is operated in the MPPT as shown in Fig. 10 , where the power of the PV panel is expressed as P pv = V pv I pv (27) where V pv and I pv are the voltage and current at the terminal of the PV panel. Several MPPT algorithms, such as Perturb and Observe (P and O), Hill Climbing algorithm [40] , and fuzzy-based method [41] can be applied into the system to extract the maximum power. Moreover, in order to regulate the PV output voltage and prevent PV output overcurrent, the dualloop PI controller is adopted in the system (Fig. 10) . It should be pointed out that the complex algorithm of MPPT algorithm is not discussed here as it goes beyond the scope of this paper.
B. Enhanced Eco-Mode and Seamless Transition
When the PV system is unavailable, the UPS system operating mode may transfer from the TNM to the EEM. The active power of the load in the EEM is directly supplied by the grid and its reactive power is provided by the dc/ac inverter, as shown in Fig. 11 . Moreover, the transition between the TNM and the EEM should be seamless. In other words, the UPS output voltage should not have abrupt amplitude or frequency change during the transition.
The proposed control strategy of the EEM operation is shown in Fig. 12 , where the integral term (k/s) is added in the P ∼ E droop control strategy to achieve the active power tracking without a steady-state error. Hence, by setting the active power reference to be zero, the inverter is forced to deliver no active power. In other words, the active power of the load is fully supplied by the grid. Meanwhile, if multiple inverters cooperatively provide the reactive power to the load, the reactive power reference of the droop control strategy in each inverter should be Q ref,i = (1/(N Q Load ) ). So, the droop control strategy in the EEM is expressed as
By the comparison of (21) and (22) and (28) and (29), it is easy to observe that when the gain k and Q ref,i are both set to be zero, the EEM operation returns to the TNM operation. Therefore, the seamless transition can be realized by setting the desired value of the parameter k and Q ref,i . Notice that the synchronization term ω syc is added in (29) , as all the dc/ac inverters should synchronize with the grid before bypass switch close. In this paper, the synchronization method proposed in [42] is applied for voltage and phase synchronization. Finally, it must be emphasized that the grid fault detection methods [43] - [45] should be applied in the system to protect it against grid faults. And the EEM has to be switched to the back-up mode in case of grid fault. As this topic is out of the scope of this paper, the details will not be illustrated.
C. Burn-In Test Mode and Seamless Transition
The power flow of the BTM is shown in Fig. 13 . Specifically, at no load condition [see Fig. 13(a) ], the active power drawn from the grid is fed back again through the bypass switch. On the contrary, when the local load is connected to the UPS system, the power flow is shown in Fig. 13(b) , where the active power drawn from the grid flows to the local load and delivers back to the grid, respectively.
The proposed control strategy of the BTM operation is depicted in Fig. 14 . Notice that the control strategy is very similar to that of the EEM. The expresison of the droop control strategy in this mode is shown as 
D. Small-Signal Modeling and Analysis
From the discussions of Sections III-B and III-C, it is observed that the EEM and the BTM can be achieved with the same control strategy by adjusting different reference values. Therefore, in this section, the system small-signal stability of the EEM and the BTM operation is investigated. First, the power flow of the UPS system through a general line impedance is obtained as [46] 
where P and Q are the instantaneous active and reactive power of the UPS system that flows out of the general line impedance. E and V are the amplitudes of the inverter output voltage and the common bus voltage, respectively, and ϕ is the power angle. Z and θ are the magnitude and phase of the output impedance.
Considering that the line impedance most often demonstrate a resistive characteristic in the UPS applications, the power flow of the UPS system can be expressed as
Accordingly, the active and reactive power variation according to the UPS voltage amplitude and phase angle disturbance can be obtained by
where the operator indicates a small-signal perturbation around the UPS's operating equilibrium point.
When there is some power fluctuation during the EEM or the BTM, expanding the proposed control strategy in (28) and (29) or (30) and (31) results in the small-signal responses of the UPS voltage, which are expressed as
where τ is the time constant of the low-pass filter in the active and reactive power calculation.
Considering that θ = (1/s) · ω, and by the simple manipulation of (36) and (37) , the dynamic performance of the UPS system in the EEM or BTM operation yields the following expression:
where
The eigenvalues of (42) show the small-signal response of the UPS system during EEM and BTM. In addition, notice that when k = 0, the matrix N 2×2 is expressed as
The corresponding matrix of (43) indicates the behavior of the UPS system in TNM and PNM operation. The performance of the system with different values of the parameter k is evaluated and shown in Fig. 15 . With UPS system parameters listed in Table I , Fig. 15 shows the root locus of the proposed control strategy, where the droop control coefficient is fixed while the parameter k varies from 0.0033 to 0.0213. As illustrated, it is a fourth-order system and dynamic performance is mainly determined by the dominant poles of λ 1 and λ 4 . It can be observed that when k is increased from 0.0033 to 0.0213, the system stability is improved but has a underdamping response. Therefore, the selection of parameter k involves a tradeoff between the system stability and damping response. In order to obtain the satisfied system damping and stability performance, the parameter k is selected as 0.007.
IV. EXPERIMENTAL RESULTS
In order to validate the feasibility of the proposed dc-link voltage control strategy and multimode operation of the on-line UPS system, the system diagram shown in Fig. 10 is built up and shown in Fig. 16 . The setup consists of an ac/dc converter, a dc/ac inverter, PV unit, and the bypass switch. The dc bus is formed by the dc-link capacitors.
The control algorithm is implemented in dSPACE 1006 platform for real-time control. System parameters are listed in Table I . Waveforms are captured by the oscilloscope. 
A. DC-Link Voltage Control Strategy
First, the effectiveness of the proposed IMC-based dc-link voltage control strategy is verified by using the ac/dc converter of the setup in Fig. 16 . The PR controller is employed for inner loop current tracking while the two-port IMC-basedz dc-link voltage controller is implemented for the dc-link voltage regulation (see Fig. 4 ). To further highlight the effectiveness of the proposed method, experimental comparisons are conducted among the traditional PI-based dc-link voltage controller, standard IMC-based control strategy, and the proposed IMC-based dc-link voltage controller with the same closed-loop bandwidth [10] . In the experiment, the dc-link voltage reference is set to be 500 V. A 230-resistive load is connected to the dc link to examine the controller's performance from no load to full-load condition. This load is suddenly connected to the dc link to examine the controller's disturbance rejection ability. In addition, to emulate the variation of the dc-link capacitance, a different value of capacitance (0.0022 F) is considered as the equivalent capacitance change as well.
First, the dc-link capacitance is 0.0011 F; the disturbance is generated by disconnecting a 230-resistor from the the proposed control strategy in Fig. 10 is tested with the setup in Fig. 16 . Fig. 18 shows the active and reactive power waveforms between the TNM and the PNM operation. As can be observed in Fig. 18 , the load active and reactive power are, respectively, P load = 700 W and Q load = 120 Var. At the TNM operation, the active power delivered from the grid is P in = 800 W (blue waveform). Notice that the difference between P in and P load is caused by the power loss in the UPS system. When the operation mode shifts to the PNM from TNM, the PV output active power is 250 W (cyan waveform), so the active power delivery from the grid drops to the 550 W. When the PV is unavailable, the operation of UPS system return to the TNM again, and the active power delivery from the grid increases to 800 W again, as shown in Fig. 18 . Meanwhile, it is observed that the load active power and reactive power (green waveform and purple waveform) does not change during the transition. Finally, the load voltage waveform during the transition is shown in Fig. 19 , where the load voltage is uninterruptible during the transition.
2) Transition Between TNM and EEM Operation of the On-Line UPS System: In this test, the seamless transition between the TNM and the EEM is evaluated. As shown in Fig. 20(a) , when the operation mode of the UPS shifts from TNM to EEM, the load active power provided by the inverter drops to zero (blue waveform), and the 520 W of active power is directly provided by the grid through the bypass switch (purple waveform). Meanwhile, the reactive power is still powered by the inverter (cyan waveform). On the contrary, when the operation mode of the UPS shifts from the EEM to the TNM, the load active power is delivered from the inverter and the active power goes through the bypass switch decreased to zero. Fig. 20(b) and (c) shows the load voltage waveforms during the transition, it is indicated that the load voltage is uninterruptible and the whole transition is seamless.
1) Transition Between the Traditional Normal Mode and the Burn-In Test
Mode of the On-Line UPS System: (a) Case 1: no load condition: At no load condition, when the UPS system transfer its working mode from the normal mode to the BTM, the energy drawn by the inverter should feedback into the grid. In case 1, the output active power of the inverter is set to be 500 W (blue waveform), as no load is connected with the UPS system, the 500 W of output active power is fed back into the grid through the bypass switch [ Fig. 21(a) ]. Meanwhile, the load voltage during the transition is shown in Fig. 21(b) and (c), where it is observed that the seamless transition is realized as the output voltage has no abrupt change in voltage amplitude and frequency.
(b) Case 2: R-L load is connected during the transition: When the R-L load with 550 W of active power and 120 Var of reactive power connecting at the UPS system, as can be seen from Fig. 22 that the inverter provides the load power. When the UPS system transfer its working mode from TNM to BTM, the active power drawn by the inverter is set to be 850 W (blue waveform), the extra 300 W of output active power is fed back into the grid through the bypass switch [ Fig. 22(a) purple waveform] . Meanwhile, the load voltage during the transition is shown in Fig. 22(b) and (c), where it is observed that the seamless transition is realized as the output voltage has no abrupt change in voltage amplitude and frequency.
V. CONCLUSION
In this paper, the multimodes of operation for the on-line UPS system are proposed. First, the sensor-less IMC-based dc-link voltage control strategy has been presented to provide a robust power delivery in the multimodes of operation. Second, some control strategies for PNM, EEM, and the BTM are, respectively, presented to achieve the seamless transition in different modes of operation. With the application of these three mode, the cost charged from the grid can be greatly reduced. In addition, these modes of operation can be easily achieved by adjusting the reference value of the inverter in the on-line UPS system. The experimental results showed the effectiveness of the proposed control strategies.
